We have used photoexcitation-dependent radiative efficiency measurements to investigate the rates of defect-related, radiative, and Auger recombination in lattice-matched In x Ga 1Ϫx As/InAs y P 1Ϫy double heterostructures on InP substrates. Temperature dependence is used to discern the underlying mechanisms responsible for the nonradiative recombination processes. We find that defect-related recombination decreases with an increase in the temperature when the epistructure is lattice matched to the substrate (xϭ0.53). In contrast, when the epistructure is lattice mismatched to the substrate, defect-related recombination increases slowly with the temperature. The difference between the lattice-matched and mismatched cases is related to fundamental changes in the defect-related density of states function. The temperature dependence in the lattice-mismatched structures is attributed to two competing effects: wider carrier diffusion, which augments the capture rate, and thermally activated escape, which reduces the occupation of shallow traps. The band gap and temperature dependence of the Auger rate demonstrate that the conduction to heavy hole band/ splitoff to heavy hole band mechanism generally dominates Auger recombination in undoped low-band gap In x Ga 1Ϫx As. With this interpretation, our results give a spin-orbit valence split-off band effective mass of m so ϭ(0.12Ϯ0.02)m 0 .
INTRODUCTION
Low band gap In x Ga 1Ϫx As is important for a variety of infrared technologies. When the ternary alloy is lattice matched to InP (xϭ0.53), the band gap energy coincides with a major optical communications band where optical fiber loss and dispersion are minimal. Lattice-mismatched indium-rich In x Ga 1Ϫx As alloys extend the operation of InGaAs/InP-based devices deeper into the infrared, enabling new technologies like thermophotovoltaic ͑TPV͒ energy conversion. However, lattice-mismatched epistructures tend to contain a high density of defects, which often facilitate rapid nonradiative recombination. Defect-related trapping and recombination limit the performance of almost all semiconductor devices. Among other detrimental effects, trapping and nonradiative recombination at defects restrict minority carrier transport and contribute to localized heating. These problems can be alleviated somewhat by including a special stepgraded region between the substrate and the device. 1 In these devices, defect states appear to be concentrated near the band edges where the traps are less effective and nonradiative recombination through the intermediate defect levels is less efficient. 2 Changes in the nature and concentration of defects alter the rate of Shockley-Read-Hall ͑SRH͒ recombination, 3 but changes in alloy composition primarily affect Auger recombination, which depends heavily on the band structure. The likelihood of band-to-band Auger scattering increases dramatically with a decrease in band gap energy and an increase in temperature, 4 so room-temperature devices based on narrow band gap materials are often limited by rapid Auger recombination. A wide variety of Auger processes can occur in a semiconductor depending on the doping concentration and the band structure. 5 Theoretical predictions for the dominant Auger mechanism in bulk, undoped InGaAs do not agree. Dutta and Nelson suggested that the conduction to heavy hole band/conduction to conduction band ͑CHCC͒ process has the largest rate, 4 but Gel'mont et al. 6 and Haug 7 have disputed this result. Gel'mont et al. found the conduction to heavy hole band/split-off to heavy hole band ͑CHSH͒ mechanism dominant, 6 while Haug determined that phononassisted CHCC was most important. 7 It should be noted that these predictions depend on the alloy composition, carrier density, and temperature.
Experimental results are more consistent, and they indicate that the CHSH Auger process generally dominates in bulk In 0.53 Ga 0.47 As. 8, 9 The Auger rate in undoped, latticematched InGaAs/InP quantum wells shows little temperature dependence, suggesting that a phonon-mediated mechanism is most important in the quantum-confined case. 9 Recently the compositional dependence of Auger recombination was measured in low-band gap, degenerate n-type In x Ga 1Ϫx As and was shown to be consistent with a phonon-assisted CHCC mechanism. 10 In this article, we report a comprehensive investigation of how temperature and composition affect the Auger rate in bulk, undoped In x Ga 1Ϫx As. The combination of composition and temperature dependence provides a valuable crosscheck on interpretation of our results.
EXPERIMENT
Our samples are based on the following design: a latticematched ͑LM͒ InAs y P 1Ϫy /In x Ga 1Ϫx As/InAs y P 1Ϫy doubleheterostructure device ͑LM when yϭ2.14xϪ1. 14) 11 is grown lattice mismatched ͑LMM͒ on an InP substrate with an intervening compositionally step-graded region of InAs y P 1Ϫy . The low-band gap In x Ga 1Ϫx As alloy serves as the light absorber/emitter and the LM InAs y P 1Ϫy cladding layers passivate the interfaces and confine carriers in the In x Ga 1Ϫx As material. Deleterious effects of the LMM ͑e.g., dislocation formation and morphological defects͒ are alleviated by including an appropriate number of Ϫ0.2% mismatch InAs y P 1Ϫy steps between the substrate and the doubleheterostructure device. The lowest band gap ͑ϳ0.5 eV at room temperature͒ In x Ga 1Ϫx As alloys under investigation experience severe ͑up to Ϫ1.7%͒ LMM. Our step-graded design, combined with the passivation afforded by LM InAs y P 1Ϫy cladding layers, has resulted in dramatic improvements in TPV converter performance. 11 In this work, we report photoexcitation-dependent radiative efficiency measurements on several different epistructures that range from the LM condition (xϭ0.53) where no grading is employed to step-graded structures accommodating significant LMM (xϭ0.60, 0.66, and 0.78͒. A schematic and details of the sample structures are given in Table I .
Calibrated radiative efficiency measurements over a range of temperatures are used to study how the SRH and Auger recombination processes compete with radiative events. Previous work has shown that these structures produce strong band-to-band photoluminescence and generally have minority carrier lifetimes in excess of 1 s at room temperature. 1 Since radiative recombination is even faster at low temperatures and SRH recombination saturates at high carrier densities, we assume that the 77 K, high-excitation measurements are close to 100% internal quantum efficiency. Auger recombination, which can be important at high-carrier density, is expected to be slow in the low temperature regime. The low-temperature, high-carrier density result provides a baseline for calibrating measurements at other temperatures and excitation intensities. We measure the relative integrated photoluminescence ͑PL͒ signal r PL ͑corrected for detector response͒ as a function of the photoexcitation intensity, and plot the ratio r PL /r gen against the carrier generation rate r gen ϭI abs /(E ex V). In this latter expression, I abs is the intensity of the absorbed laser light, E ex is the laser energy (ϭ1064 nm), and V is the photoexcited volume. The laser spot has a 0.039 cm full width at half maximum ͑FWHM͒ Gaussian profile and this width is used as an approximate measure of the diameter of V. Representative experimental data are shown in Figs. 1 and 2.
THEORY
The net rate of carrier recombination varies with carrier density n as
where A(n), B, and C characterize the rates of defectrelated, radiative, and Auger recombination, respectively. The photon recycling factor N is the average number of radiative recombination events required for a photon to escape the photoexcited region. While the overlap of the PL and absorption spectra depends on the temperature, we estimate an average absorption coefficient 12 of 5ϫ10 3 cm Ϫ1 for luminescence in In x Ga 1Ϫx As and calculate Nϭ4 in our device by numerically averaging over photon trajectories. For this calculation, escaping photons include those that leave the sample and those that travel through the substrate but reflect off the lower surface, because these latter photons rarely return to the small region of original excitation where the carrier density is sufficient to provide for another radiative event. Since the three recombination mechanisms depend on different powers of n, they tend to dominate in different carrier density regimes. In addition, they each demonstrate distinct thermal behavior such that changes in the excitationdependent efficiency curve with temperature further facilitate identification and resolution of their individual contributions. Most important, the temperature dependence of the coefficients that describe the nonradiative mechanisms provides insight into the recombination paths themselves.
If defect levels are concentrated near the center of the band gap, one can neglect the thermal population of band states when the Fermi energy coincides with the energy of the traps. In this case, SRH recombination statistics 3 simplify to linear dependence on carrier density: A(n)ϭD d n/2 where D d is the number of midgap defect states and is the capture time. And, radiative efficiency measurements on our LM structure are consistent with this analysis. However, we have found that this treatment produces inadequate fits for our LMM structures. 2 In this latter case, good theoretical fits are only obtained when we include a relatively high concentration of defect levels near the band edges. Hence, we use the defect-related density of states ͑DOS͒ function shown in the inset of Fig. 3 to calculate A(n) in the LMM structures. We note that the ratio D d / changes little with the mismatched alloy composition ͑see Fig. 4͒ and assign the aver- 
In our experiments, nonradiative recombination is measured against radiative recombination, which slows with an increase in temperature. Recombining free carriers must have equal and opposite momenta, a condition that decreases in likelihood as the average thermal energy increases. In addition, the radiative rate is proportional to the density of photon modes that can participate. 13 Quantitatively, the radiative coefficient B for free carriers should vary as 14 BϰE g 2 /͑kT͒ 3/2 .
͑2͒
This temperature dependence (BϰT
) has been observed experimentally in lattice-matched InGaAs/InP, 12 although it should be noted that those authors did not fit their data to this form. It should also be noted that, due to the small binding energy of excitons in InGaAs (E ex Ϸ2 meV), 15 excitonic effects will not be important in the temperature range of our experiments (77 KрTр296 K).
The internal radiative efficiency is defined as Bn 2 /(Nr rec ). Since the radiative efficiency measurement cannot distinguish between an increase in A or C and a decrease in B, or vice versa, the theoretical behavior of B is used in the analysis. We adjust the room temperature, latticematched value 16 (Bϭ1.5ϫ10 Ϫ10 cm 3 /s) within the context of Eq. ͑2͒, where PL spectra are used to estimate E g .
Assuming a PL spectrum of functional form,
yields E g ϭh PLpeak ϪkT/2. B also depends on the effective mass of the participating electron and hole. Changes in effective mass with alloy composition are complex, especially in the valence band where strain can split the degeneracy of heavy and light holes and produce an anisotropic band structure. 17 Still, the average hole mass does not change appreciably and the effective mass of the electron is too small to make a significant contribution. 18 Hence, we neglect the variation of B with the effective mass in our analysis.
RESULTS
We start with our 77 K measurements where Auger recombination can be neglected and use a least-squares fitting procedure to obtain the best E d / values for each structure. Since D d and E d are fixed for a given sample ͑the density of defect-related states does not depend on the temperature͒, we then fit the higher temperature data with and C as adjustable parameters ͑see Figs. 1 and 2 for representative fits͒. The continued success of the model over a wide range of higher temperatures provides further evidence that our modified DOS interpretation is correct. We should note that our absolute values for D d /, E d /, and C are subject to some uncertainty because they depend on several approximations including our estimate of the photon recycling factor N. Nevertheless, in this work we are primarily concerned with temperature and/or band gap dependent changes in these parameters, which should not depend on these approximations and do not depend on N.
The band gap dependence of E d in the LMM structures is shown in Fig. 3 (E d Ϸ0 for the LM structure because inclusion of near-band edge states does not yield better fits͒. The increase in E d with a decrease in band gap suggests that the density of near-band edge defect levels grows with an increase in lattice mismatch between the substrate and the epistructure. This phenomenon is consistent with our attribution of the new levels to structural changes that accompany lattice mismatch. The temperature dependence of D d / for each of the structures under investigation is shown in Fig. 4 . The quantitative agreement among the LMM structures demonstrates a surprising feature of this system: the number of midgap defect states does not depend on the degree of lattice mismatch.
Defect-related recombination varies with the temperature primarily through changes in the range of diffusion of carriers and thermally activated trapping and escape processes. At higher lattice temperatures T, carriers have more kinetic energy and tend to diffuse farther before recombining. Depending on the distribution of defects, this feature may increase the probability per unit time Ϫ1 that a carrier will encounter a defect site. For example, short-and medium-range spatial fluctuations in PL intensity have been found to correlate differently with dark current in latticemismatched InGaAs photodiodes. 19 This phenomenon may be due to motion of carriers in the material and the relative proximity of traps. Thermally activated escape should be unimportant in the LM structure because defect levels are very deep relative to kT. However, the LMM structures have a high concentration of shallow traps. SRH recombination statistics on the defect-related DOS functions shown in Fig. 3 indicate that as T increases from 77 to 296 K, thermally activated escape reduces the defect-related recombination rate by approximately a factor of 2. This phenomenon is offset by the decrease in with temperature shown in Fig. 4 , so that the overall rate increases slowly between 77 and 296 K.
The carrier capture rate is given by cϭv n T , where is the capture cross section, n T is the trap density, and v is the mean thermal velocity of the participating carriers: v ϭͱ3kT/m*. The solid, dotted, and dashed curves in Fig. 4 are fits to the lattice-mismatched results (E g ϳ0.71, 0.65, and 0.56 eV͒ based on this model. If trapping is limited by electron diffusion (m*ϭ0.04m 0 ), 18 the fitting parameters give n T Ϸ0.01 cm Ϫ1 while heavy hole 18 (m*ϭ0.46m 0 ) limited diffusion yields n T Ϸ0.03 cm Ϫ1 . If the defect centers have cross sections comparable to the dimensions of lattice sites Ϸ(0.3 nm) 2 , the trap concentration n T is approximately 2ϫ10 13 cm Ϫ3 . The temperature dependence of D d / in the LM structure (E g ϳ0.77 eV) deviates considerably from that of the mismatched alloys. D d / appears to decrease with the temperature in this case. Clearly, SRH recombination is not diffusion limited in the LM sample and the temperature dependence is too weak to be consistent with thermally activated capture/escape mechanisms. Hence, the apparent quenching of defect-related recombination with the temperature is difficult to explain. Nevertheless, the general results for A(T) in these structures are consistent with our previous discovery that the defect-related DOS in the LM structure is fundamentally different from that in the LMM case. 2 The band gap and temperature dependence of the Auger coefficient C are shown in Figs. 5 and 6. The solid and dashed lines are theoretical fits to the high-temperature data. Our analysis is based on the simplest case of nondegenerate statistics and parabolic energy bands. In this case, the band-to-band Auger coefficient is expected 20 to vary as Cϰexp(ϪE a /kT) where E a is an activation energy dictated by conservation of energy and momentum. When the background density of carriers is important, the dependence of C on E a and the temperature is more complicated. 21 However, since we are optically exciting far more carriers than the number generated thermally, exponential behavior is expected to dominate. Even though the nondegenerate assumption is suspect at the highest carrier densities and parabolic valence bands are a somewhat crude approximation in narrow-gap semiconductors, the theory fits surprisingly well. The linear fits in Fig. 6 yield an average thermal activation energy of 34Ϯ4 meV for the Auger process. While not shown in Fig. 6 , we note that thermal activation of the Auger rate appears to level off at the lowest temperatures, suggesting that a phonon-mediated process becomes important for small T. This observation is consistent with the findings of Hausser et al. 9 Since E a depends on the energy separation and curvature of the participating bands, it can be used to identify which Auger mechanisms are most important. If one of the transitions involves the spin-orbit split-off band, then E a ϭ(E g Ϫ⌬) where depends on the effective mass of the participating carriers and ⌬ is the spin-orbit offset; otherwise, E a is simply equal to E g . The average band gap dependence of C according to Fig. 5 yields ϭ0.15Ϯ0.04 regardless of the underlying mechanism ͑the slope is independent of ⌬͒. However, determination of from Fig. 6 depends on whether carriers in the split-off band participate. Since ⌬Ϸ0.34 eV in GaAs and ⌬Ϸ0.39 eV in InAs, 22 ⌬ does not vary significantly with the InGaAs composition. Using ⌬ϭ0.35 eV, 23 Auger transitions that involve excitation of holes to the split-off band give ϭ0.12Ϯ0.04. If the split-off band is not involved, the temperature dependence of C yields ϭ0.05Ϯ0.01.
The two determinations of ͑via dependence on the band gap and temperature͒ are expected to agree, indicating that only Auger mechanisms that include the spin-orbit splitoff band are consistent with our experimental results. When a transition to the split-off band is included, the band gap and temperature dependent evaluations of statistically agree. The small discrepancy between the mean values may be attributed to changes in effective mass and ⌬ with the alloy composition. We conclude that the dominant band-to-band Auger recombination path involves excitation of heavy holes to the split-off band in accordance with previous experimental work on lattice-matched InGaAs/InP. 8, 9 In this case
where m v and m c are the heavy hole and electron effective masses, respectively. Using the average value ϭ0.14 Ϯ0.03, we obtain m so ϭ(0.12Ϯ0.02)m 0 for the effective mass of split-off holes. While the final Auger state lies well above the split-off valence band edge, the shape of this band is not expected to deviate significantly from parabolic. 7 We know of no other reported measurement of m so in bulk In x Ga 1Ϫx As. But in the absence of strain, m so is not expected to vary significantly with the alloy composition 17 and our value can be compared with findings in InAs and GaAs. Our measurement falls between two experimental determinations and a theoretical prediction. Experimental work has found m so ϭ(0.14Ϯ0.01)m 0 in InAs 24 and m so ϭ(0.15Ϯ0.01)m 0 in GaAs 25 while theoretical treatment gives m so Ϸ0.11m 0 in GaAs. 
CONCLUSION
We have measured temperature dependent changes in SRH and Auger recombination in lattice-matched In x Ga 1Ϫx As/InAs y P 1Ϫy double heterostructures grown on InP substrates. The temperature dependence of SRH recombination changed dramatically between the LM and LMM cases. When the epistructure is LMM relative to the substrate, the variation of SRH recombination with the temperature can be attributed to a combination of thermal diffusion and thermal activation out of shallow traps. The results provide additional evidence for a previous report, which uncovered a high concentration of defect levels near the band edges in these structures. 2 While the temperature dependence in the LM structure is difficult to interpret, the deviation from LMM behavior is consistent with the disparity in the underlying defect-related DOS functions.
The Auger mechanism in all of the low-band gap In x Ga 1Ϫx As alloys depends strongly on the temperature, with average thermal activation energy of 34Ϯ4 meV. While this feature generally points to band-to-band processes, we cannot rule out the possibility that a weak phonon-mediated mechanism is also present. Our results agree with the work of Rees et al. who found E a ϭ39Ϯ5 meV in undoped InGaAs lattice matched to InP. 8 By extending the investigation to lattice-mismatched, indium-rich alloys, we confirmed that a similar band-to-band Auger mechanism continues to operate over the composition range 0.53рxр0.78. The extension also enabled us to study the band gap dependence of the Auger rate. By comparing the temperature and the band gap dependent results, we were able to rule out band-to-band Auger mechanisms that do not include the spin-orbit splitoff band, demonstrating that the CHSH path dominates in this material.
